I. INTRODUCTION
In the past decades, several Λ * c resonances are experimentally observed in the study of their three-body decays into Λ + c π + π − . The low-lying excited states Λ * c (2595) and Λ * c (2625) have been generally accepted as a p-wave doublet in Particle Data Group (PDG) [1] . The quark model and other calculations give the consistent results to each others as p-wave states with λ-mode excitations, e.g. see references [2] [3] [4] . Their three-body decays have been investigated in detail in our previous studies [5, 6] .
In contrast to Λ * c (2595) and Λ * c (2625), the information of Λ * c (2765) or Σ * c (2765) is still poor experimentally. The broad Λ * c (2765) or Σ * c (2765) resonance was observed by CLEO [7] in Λ + c π + π − final state and later by Belle [8] . In PDG, this state still has a one-star rating with unknown spin and parity [1] . However, the experimental study is underway [9] . Recently, the isospin has been determined to be I = 0 by Belle [10] . Therefore, this resonance should be written as Λ * c (2765). The mass spectrum of charmed baryons has been studied intensively in various theoretical models [2, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The decay pattern of Λ * c (2765) has also been investigated theoretically. In particular, its two-body decay of Λ * c (2765) → Σ ( * ) c π has been discussed in various models [3, 4, [23] [24] [25] . However, a complication lies in that the resonance is considered to be in the region of excitation energy of 2 ω, where many configurations with different spins and parities are possible.
An interesting feature of this resonance is its excitation energy of about 500 MeV. In fact, there exist baryon resonances systematically in various flavor contents of u, d, s quarks with similar excitation energy, known as the Roper resonance for the nucleon sector [26] , with the spin and parity 1/2 + . The excitation energy 500 MeV is significantly lower than the amount that is expected by the quark model. This fact has brought many ideas such as collective monopole vibration [27] , strong coupling with meson clouds [28] , the band head of rotational states of a deformed state [29] and so forth. If the same feature is also seen for charmed baryons, the flavor-independent nature will provide an interersting aspect of QCD dynamics for hadron resonances.
In the present paper, we aim to study three-body decays of Λ * c (2765) → Λ + c π + π − as shown in Fig. 1 using their Dalitz plots and other related quantities. We show that different assignments of spin and parity for Λ * c (2765) clearly differentiate them, the comparison of which with experimental data will be useful for the determination of its spin and parity.
The essential ingredients are the elementary threeparticle vertices for such as Λ * c Σ c π. They form the socalled sequential decay processes, which are known to be dominant in the present decays. In Ref. [3] , some of such vertices for Λ * c (2765) with possible spins and parities have been studied in the quark model. In the present work, we complete the calculations for all possible states up to the 2 ω region in the quark model. They include states of spin and parity J P = 1/2 ± , 3/2 ± , 5/2 ± and 7/2 + with λ and ρ mode orbital excitations. We then compute the three-body decays of Λ * c (2765) for all these cases by using effective Lagrangians. The resulting Dalitz plots and related quantities turn out to be sensitive to the spin and parity of Λ * c (2765). The rest of the paper is organized as follows. In Sec. II, we explain the decay amplitudes by using effective
Other cases can be calculated in similar manners. The summary of helicity amplitudes in the effective Lagrangians is given in Table I . Now for quark model calculations, following Ref. [3] , baryon wave functions are formed in the heavy quark basis. Namely, a diquark which is formed by two light quarks (brown muck) is combined with the one heavy quark to form baryons. Therefore, quark model configurations for Λ * c states are denoted as Λ * c (nl ξ , J(j) P ) where nl stand for the node and orbital angular momentum quantum numbers, and ξ = λ, ρ, λλ, ρρ or λρ indicate orbital excitations. Its spin and parity are denoted by J(j) P , in which j corresponds to the total angular momentum of the brown muck. In the quark model, we employ the axial-vector type coupling for the interaction between the pion and a light quark inside a charmed baryon as
where g q A is the quark axial vector coupling constant and f π = 93 MeV is the pion decay constant. Helicity amplitudes are computed by sandwiching the πqq interaction in Eq. (30) by baryon wave functions. Details are found in Ref. [3] , and here we summarize the results.
where M and m are the masses of the heavy and light quarks. We denote the constant G as
The range of the Gaussian wave functions of λ and ρ coordinates are denoted by a λ and a ρ , respectively. The Gaussian form factor F (p) is given by
The energy and momentum of an emitted pion are denoted by E and p. Furthermore, the momentum transfer for the λ and ρ modes are given by
We will demonstrate, for instance, the calculation of the coupling constant for the decay Λ * 
For Λ * c (1P λ , 3/2(1) − ) → Σ * c π, we have two helicity amplitudes with h = 1/2 and 3/2. The coupling constants are obtain by using the relations below
For simplicity, we define (D 3/2 d ) as the coefficients of the momenta p 0 and p 2 , respectively, in the quark model amplitude for helicity 1/2 and 3/2 as shown in superscripts. Then, we obtain
where there are s-wave and d-wave amplitudes. From the equations above, we can determine the coupling constants g s 2 and g d 2 as 
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Similarly, we can compute other coupling constants. One remark is that for some spin and parity J P , one of the possible partial waves in decaying channels is missing due to the selection rule for the brown muck. For instance, for the case of 5/2 − , possible partial waves are d and g waves. The transition (pion emission) occurs between the brown mucks of j P = 1 − in Λ * c (5/2 − ) and of j P = 1 + in Λ c (g.s.). Due to the pion's spin and parity 0 − , the transition into the g wave is forbidden. We can discuss similarly other cases. The results of forbidden partial waves are shown in Table IV . This explains the discussions around Eqs. (8) and (18) . We tabulate the coupling constants of Λ * c and Σ * c in terms of the quark model for various cases in Table II .
C. Three-body decays
Let us calculate the three-body decay amplitude of Λ * c (2765) → Λ c π + π − for the sequential processes as described in Fig. 2 . The amplitude of the first Feynman diagram with an intermediate Σ c is expressed by
while the amplitude of the cross diagram is written as
where the two-body decay amplitudes T are taken appropriately from Eqs.
(2)- (20) . We denote m 23 and m 13 as the invariant masses of the subsystem of particle (2, 3) and (1, 3), respectively, where the particle numbers 1, 2, 3 correspond to π + , π − and Λ + c . The amplitude of the sequential process going through Σ * c (3/2 + ) is calculated similarly. We emphasize that no phase ambiguity exists for the sequential decay amplitudes when we use the quark model for the coupling constants. The total amplitude is then a coherent sum,
The actual forms of the three-body decay amplitudes for Λ * c (1/2 − ), for example, are given by
where the spin states of initial Λ * c (2765) and ground state Λ c are denoted by χ Λ * c and χ † Λc , respectively. The first and second emitted pions are denoted by p 1 and p 2 , respectively. The F i factor contains information about the coupling constants, normalizations, and the Breit-Wigner function, for instance
where the g s 1 and g p 3 are the coupling constants for the Λ * c Σ c π (first vertex) and Σ c Λ c π (second vertex) which have been defined in section II.A. The three-body decay amplitudes for other spins and parities of Λ * c (2765) can be computed similarly as in Eqs. (52) and (53).
The three-body decay width is calculated as
where dΦ 3 is the three-body phase space and P the momentum of Λ * c (2765). From Eq. (60), we can see that the
Relative angle of two pions defined in the Σ * c resonance rest frame.
three-body decay can be described by a two-dimensional plot of invariant masses m 2 12 and m 2 23 . The decay width can also be written as
in terms of the invariant mass m 23 and relative angle of two pions (helicity angle) θ 12 as depicted in Fig. 3 . Here, the momentum p 2 is calculated in the rest frame of the intermediate Σ
( * )
c resonance while p 1 is calculated in the rest frame of the initial particle Λ * c (2765). If we make a plot with a combination of cos θ 12 and m 23 , we will obtain a so-called square Dalitz plot.
For a fixed value of m 2 23 , we can determine the range of m 2 12 by
Because the value of cos θ 12 is only between +1 and −1, the maximum and minimum values of m 2 12 are
We can write the helicity angle in terms of the invariant mass as
This θ 12 angle is used for the study of the angular correlation between the decay products. It depends solely on the spin of the participating particles. In the three-body decay of Λ * c (2765), those final states and Σ * c intermediate states are known. Therefore, we can study the spin of the Λ * c (2765) by analyzing the angular correlations. The angular correlations are characterized along the resonance bands as depicted in two Dalitz plots with different combinations of invariant masses in Fig. 4 . Even though the structures of the two Dalitz plots are essentially the same, the larger area provides a clearer image of the structure on the Dalitz plot, as shown in the lower panel of Fig. 4 . We will use the lower one in the following analysis and discussions. 
III. RESULTS FOR TWO-BODY DECAYS
Let us first revisit two-body decays of Λ * c (2765) with all possible quark model configurations up to 2 ω. In Table III , we summarize total and partial decay widths for decaying to Σ c π and Σ * c π, and the ratio R which is defined by
for various quark model configurations of Λ * c (2765). The uncertainties in the decay widths are from the ambiguities in the quark model parameters such as quark masses and spring constants.
A. Ratios of decay widths
Model calculations, such as in the quark model, often contain ambiguities in absolute values, which are, how- III. Λ * c (2765) decay width into Σc(2455)π and Σ * c (2520)π calculated in the quark model (in unit of MeV). [Σ * c π] + denotes the isospin summed width by using the isospin-averaged masses. The quark model configurations are denoted as Λ * c (nl ξ , J(j) P ), the meaning of which is defined in the text. For the mixed λρ mode, we also show the total angular momentum l = l λ + lρ as a subscript l in J(j) P l . The ratio is defined by R = Γ(Λ * c → Σ * c π)/Γ(Λ * c → Σcπ). We add a subscript HQ in RHQ for the ratio calculated from the heavy-quark symmetry. ever, canceled out by taking the ratios in Eq. (65). This is one of the advantages of studying the ratios.
The ratio R can also be calculated by using the heavyquark symmetry in a model-independent way [30] . They provide a measure of how the quark model results follow the heavy-quark symmetry. Let us consider the decay of J(j) → J (j ) + π. The initial and final spin of charmed baryon with their corresponding brown muck spin are denoted by J(j) and J (j ), respectively. In the heavyquark limit, the heavy quark acts as a static quark, and its spin is decoupled from the light quarks. Moreover, the decay occurs between the brown muck j → j + π. As a result, the decay width is computed by using six-j symbols as [31] 
where s q = 1/2 is the heavy-quark spin, L is the relative angular momentum of the final states Σ ( * ) c π, p the emitted pion momentum, and M L the reduced matrix element. Equation (66) implies that there is a modelindependent relation between the decay widths for different J with the same partial wave.
For the case of Λ * c (1/2 + ), we have six possible configurations, as in Table III . The ratios with different spin j are, for example, given by
The calculated ratio for Λ * c (1/2 + ) with j = 0 is larger than that of j = 1 by a factor 4. This factor can be explained by the heavy-quark symmetry using Eq. (66). In fact, for Λ * c (1/2 + ) with j = 0 and j = 1, the ratios are obtained as
The ratios for various configurations of Λ * c (1/2 + ) with the same j have similar values. For instance, Λ * c (2S λλ , 1/2(0) + ) and Λ * c (2S ρρ , 1/2(0) + ) with the same j = 0 have similar ratios as shown in Table III . Consequently, those configurations are difficult to be differentiated by comparing the ratio.
For the case of Λ * c (1/2 − ), there are also two possibilities with j = 0 and j = 1. The decay of Λ * c (1/2 − ) with j = 0 is forbidden due to the brown muck selection rule, which is indicated by " − " in Table III . In the quark model, the ratios for Λ * c (1/2 − ) are given by
The ratio for Λ * c (1/2 − ) with j = 1 is one order magnitude smaller than for Λ * c (1/2 + ). This is because Λ * c (1/2 − ) decays into Σ * c π in d wave resulting in a suppression in the ratio as,
The ratio is estimated to be much smaller than unity due to d-wave nature of Σ * c π decay channel. In this case, the ratio can not be calculated by the heavy-quark symmetry because the partial waves are different, and therefore the value of R HQ is indicated by " − " in Table III .
For the case of Λ * c (3/2 + ), the ratios calculated in the quark model with j = 1 and j = 2, for example, are given by 
The large difference here is understood by the heavyquark symmetry. For Λ * c → Σ * c π decay, there are two possible partial waves, p wave and f wave. If we neglect the f wave, we can calculate the ratio for Λ * c (3/2 + ) decays in p wave by the heavy-quark symmetry as
The results are similar to the quark model calculation. 
For j = 1, the ratio is much larger than unity because the s wave is allowed for the decay into Σ * c π while not for that into Σ c π,
For the brown muck spin j = 2, the s-wave decay is not allowed due to brown muck selection rule. Since both channels allow d-wave decay, the ratio from the heavyquark symmetry can be computed as 83) which is consistent with the quark model in Eq. (81).
For the case of Λ * c (5/2 + ) with j = 2 and j = 3, the ratios are calculated as
For Λ * c (1D λρ , 5/2(2) + 1 ), the matrix element of the Σ c π decaying channel becomes zero (and hence the ratio becomes infinity) due to conservation of orbital angular momenta. For j = 2, the ratio is much larger than unity because the p wave is allowed for the decay into Σ * c π while not for that into Σ c π,
For j = 3, p wave is forbidden and only f wave is allowed for both Σ c π and Σ * c π decay channels. Then, the ratio from the heavy-quark symmetry can be computed as 
In this case, only d wave is possible for both decaying channels, the ratio for Λ * c (5/2(2) − ) is obtained by the heavy-quark symmetry as
For completeness, we consider Λ * c (7/2 + ) in which it is found as a 1D-wave state with mixed λρ mode in the quark model. The ratio is given by
The ratio for Λ * c (7/2(3) + ) is computed in the heavyquark limit for f wave as The ratio is again consistent with the quark model.
B. Magnitudes of decay widths
By now, there is only information about the magnitude of Λ * c (2765) decay width measured by CLEO in the literature. The measured decay width is about Γ exp ≈ 50 MeV. As discussed before, the non-resonant contribution is rather small, and the total decay width is dominated by the sequential decays through Σ ( * ) c π [8] . As shown in Table III , for negative parity states, Λ * c (1P λ , 1/2(1) − ) and Λ * c (1P ρ , 1/2(1) − ) gives a rather large decay width due to s-wave nature of the decaying channel of Σ c π. Λ * c (1P λ , 3/2(1) − ) and Λ * c (1P ρ , 3/2(1) − ) also have a large decay width because of the s-wave nature of decaying channel Σ * c π. On the other hand, Λ * c (1P ρ , 3/2(2) − ) and Λ * c (1P ρ , 5/2(2) − ) give a small decay width due to the d-wave nature of decaying channel Σ ( * ) c π. For positive parity states, almost all configurations give a rather small decay width. Among various configurations, four cases have a value consistent with data within about factor two. However, it is fair to say that from the comparison of the total decay widths, one can not determine the spin and parity. This is the reason that we investigate Dalitz plots together with the angular correlations in the next section.
IV. RESULTS FOR THREE-BODY DECAYS
Because Λ * c (2765) is a broad resonance, its mass distributes over a finite width, not in a narrow region. Consequently, the experimental Dalitz plot may be a superposition of Dalitz plots at various initial masses. In this paper, we firstly compute various Dalitz plots at the central value of 2765 MeV in most cases. Secondly, we will 6.0 6.4 6. give some remarks as implied by such figures as Fig. 5 , where an example of Dalitz plots are shown for three different masses of Λ * c (2765). Finally, effects of the finite width will be discussed in detail in subsection IV.C. It turns out that the convoluted Dalitz plots are fairly different from the one computed at a fixed mass. Therefore, in comparison with actual experimental data, it is important to know whether the data is taken from the mass region distributed over the resonance width or from a fixed (practically within a very narrow energy bin) mass.
A. Dalitz and invariant mass plots
We investigate all possible spins and parities J P = 1/2 ± , 3/2 ± , 5/2 ± and 7/2 + for Λ * c (2765). Among several possible configurations for a given J P , we will select the low-lying configurations of the quark model as follows
For Λ * c (5/2 − ), we select a ρ-mode excitation because there is no corresponding λ mode. Note that Λ * c (7/2 + ) appears only as a mixed λρ-mode excitation. As there are also other configurations for the same spin and parity, we will consider, for example, spin and parity 1/2 + and 3/2 + with different brown muck spin j
to see the effect of the internal structures. The Dalitz plots for various spins and parities are shown in Figs. 6 and 7. There are four resonance bands in Dalitz plots. Two resonance bands in the middle correspond to Σ * 0 c (2520) and Σ * ++ c (2520), while the resonance bands located on the left and right side correspond to Σ 0 c (2455) and Σ ++ c (2455), respectively. These four resonance bands appear also in the (m 2 23 , m 2 13 ) plots as shown in Fig. 5 . In the comparison of these plots, the interference pattern of Σ * 0 c and Σ * ++ c , and the far-separated location of the two bands for Σ 0 c and Σ ++ c are commonly observed. Note that the interference occurs only for a specific initial mass around 2765 MeV. If we choose a higher or lower initial mass such as 2715 or 2815 MeV, the interference disappears as seen from Fig. 5 .
The corresponding invariant mass plots of Λ + c π − are shown below each Dalitz plot in Fig. 6 . We can also see the corresponding Σ 
they are different from each other by one oder of magnitude. When the ratio is relatively small, the decay process is dominated by the Σ c resonance. The Σ c band dominates over the Σ * c as observed in the Dalitz and invariant mass plot of Λ * c (1/2 − ) decay as shown in Fig. 6  (a) . On the contrary, when the ratio is relatively large as in Λ * c (3/2 − ) case, the strong peak of Σ * c resonance is observed. Moreover, if the ratio is nearly unity as in Λ * c (5/2 − ), both Σ * c and Σ c bands appear with equal strength. These observations also apply to positive parity cases.
In fact, there are several possible quark model configurations for the same spin and parity. As discussed in the previous section, they differ by the magnitude of the decay width and the ratio R. Firstly, we have checked that the change of the magnitude will not affect the structure on the Dalitz plot provided that the ratio R remains the same. Secondly, we investigate other configurations with the same spin and parity, but different j, by making other Dalitz plots for Λ * c (1/2 + ) and Λ * c (3/2 + ) with j = 1 as depicted in Fig. 7 (g) and (h). One may notice that the Σ * c peaks look very different for Λ * c (3/2 + ) with j = 1 and j = 2 even though both decaying channels into Σ * c π are p wave. The difference is governed by the heavy-quark symmetry, as discussed in Eqs. (77) and (78). 
B. Angular correlations
It has been known that angular correlation (dependence) can help to determine the spin of particles as in gamma-ray spectroscopy in nuclear physics. A similar analysis can also be applied to hadronic systems. For instance, the spin 1/2 of Σ c (2455) charmed baryon is determined by analyzing B − → Λ + c π −p decay by BaBar [32] . Since initial B-meson has spin 0 and proton has spin 1/2, there is helicity conservation such that the Σ c intermediate state in Λ c π final state will only have a helicity 1/2 component. If Σ c 's spin is 1/2, the angular correlation will be flat. On the contrary, if Σ c has spin 3/2, it will exhibit a concave structure experimentally. The angular correlation has been found to be flat, confirming that Σ c (2455) has spin 1/2. A similar analysis can also be done in Λ * c → Λ c ππ decay. Ideally, the angular correlations are determined by the spins of the relevant particles. In the helicity formalism [33] , it is dictated by the Wigner's D-functions, which in the present formalism is encoded in the structure of the vertex functions. The relevant algebra is also done by the tensor formalism [34, 35] .
From the Dalitz plots in Fig. 6 and 7 , we can observe the angular correlations along the Σ c (2455) look rather flat for all spins and parities of Λ * c (2765). This is because only helicity 1/2 is possible for Σ c resonance which is related to d 1/2 h f hi (θ 12 ) matrix where h i and h f are helicities of initial and final states, respectively. Taking the sum over h i and h f for the absolute squared amplitude gives a flat structure in θ 12 dependence.
On the other hand, the angular correlations along the Σ * c resonance bands show characteristic structures through the rank 3/2 d-functions, d
If Λ * c (2765)'s spin is 1/2, then the initial helicity takes only h i = ±1/2. Summing the absolute squared amplitudes over h f we find the angular correlation 1 + 3 cos 2 θ 12 . If Λ * c (2765)'s spin is 3/2 or higher, the terms from h i = ±3/2 can also contribute. Summing the absolute squared amplitude again over h f , we find the correlation 3 sin 2 θ 12 . In general there are contributions of h i = 1/2 and 3/2 with a weight of the helicity amplitudes
In Fig. 8 , we plot the angular correlations W (θ 12 ) as functions of θ 12 by considering only one of Σ * c resonances appearing in the left diagram of Fig. 2 for various spin and parity assignments for Λ * c (2765). The angular correlations are computed by normalizing A 1/2 equal to one,
where the ratioR is defined bỹ
with J the spin of Λ * c (2765) and L the relative angular momentum of πΣ * c . The ratioR and the resulting W (θ 12 ) are summarized in Table IV . The Clebsh-Gordan coefficients completely determine this ratioR. Therefore, the angular correlation can be used to determine the spin of Λ * c (2765) in a model-independent way. Fig. 8 (a) and (d) show the angular correlations for Λ * c (2765) with spin 1/2 proportional to 1+3 cos 2 θ 12 with a concave structure. Moreover, for the case of J P = 1/2 + with different brown muck spin j, the angular correlation also shows a concave structure as depicted in the Dalitz plot in Fig. 7 (g) . Since both positive and negative parity assignments to Λ * c (2765) give a similar structure, the ratio R, as discussed in the previous section, helps to differentiate the parities of states with the same spin. For the higher spin states of Λ * c (2765), the helicity 3/2 component has a considerable contribution, turning on the sin 2 θ 12 dependence as described in Eq. (108). If A 1/2 and A 3/2 amplitudes are equal, the sin 2 θ 12 dependence will cancel out the cos 2 θ 12 dependence so that the angular correlation would be flat. This happens only when Table III for completeness. Λ * c → Σ * c π decays in s wave, namely for the case of Λ * c (3/2) − . For other cases, the angular correlations exhibit rather flat or convex structures depending on the value ofR. As we have discussed in section II.B, there are several cases where brown muck selection rules apply. For example, for Λ * c (5/2(3) + ), the p-wave decay into πΣ * c is forbidden. In this case, f -wave is dominant and the angular correlation changes from a concave structure sin 2 θ 12 of Λ * c (5/2(2) + ) to a convex structure cos 2 θ 12 as shown in Fig. 8 , though their angular dependence is rather weak.
So far, we have looked at the angular correlations along one of the Σ * c resonances. In fact, there is an interference between Σ * 0 c and Σ * ++ c as shown in Dalitz plots in Fig. 6 . Therefore, the angular correlations along Σ * c will be contaminated due to the interference, especially near cos θ 12 = −1. Note that the interference occurs only in the narrow region of the initial mass of Λ * c (2765). For instance, if we plot the angular correlation at initial mass 2780 MeV or above, the interference effect is no longer significant as there are no overlapping resonance bands. In this case, the angular correlation can be seen more clearly without significant contaminations.
C. Effects of the finite width
So far, all of the Dalitz plots and other observables are obtained by choosing a fixed value of the initial mass. It is a good approximation for a narrow resonance such as Λ * c (2625) with Γ < 0.97 MeV. However, Λ * c (2765) is a broad resonance with Γ exp ≈ 50 MeV. Hence, a convolution is needed to directly compare theoretical results with experimental data that integrate signals over a finite mass range. To perform a convolution, we use a Breit-Wigner form to model the mass distribution of Λ * c (2675);
where Γ(M Λ * c ) is the calculated decay width of Λ * c (2765) which depends on the massM Λ * c . The normalization factor N is defined by
We have used PDG values for the mass and width of Λ * c (2765) denoted by M Λ * c and Γ Λ * c , respectively. 
